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Radioactivity is everywhere

My activity is ~ 5000 
disintegrations per second

On average a human body has ~30 mg of  Potassium 40, corresponding to ~ 4 kBq

The average annual human exposure to natural 
background radiation is 2.4 mSv
(from 0.4 to 4 mSv/y depending on the location)

An average banana has 14 Bq

During a flight the background dose rate 
increases by a factor between 10 and 30 
Charged particles:

-heavy (µ, π, p, α, …)
-light (electrons and positrons)

Neutral particles:
-photons
-neutrons
-neutrinos
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The Particle Data Book

2016 Review of 
Particle Physics

C. Patrignani et al. 
(PDG), Chin. Phys. 
C40, 100001 (2016)

(http://pdg.lbl.gov)

http://pdg.lbl.gov/
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Glorious traditon: 100 years of 
gaseous detector developments

1908: FIRST WIRE COUNTER
USED BY RUTHERFORD IN THE STUDY OF NATURAL RADIOACTIVITY

E. Rutherford and H. Geiger , 
Proc. Royal Soc. A81 (1908) 141

1928: GEIGER COUNTER 
SINGLE ELECTRON SENSITIVITY

H. Geiger and W. Müller, 
Phys. Zeits. 29 (1928) 839

1968: MULTIWIRE PROPORTIONAL CHAMBER

G. Charpak, Proc. Int. Symp. Nuclear Electronics 
(Versailles 10-13 Sept 1968)

Nobel Prize in Chemistry in 1908

Walther Bothe
Nobel Prize in 
1954 for the 
“coincidence 
method”

Hans Geiger

Ernst Rutherford

Nobel Prize in 1992

G. Charpak

G. C. Santiard

F. Sauli
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Cloud Chamber, C.T.R. Wilson, 1910
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Tip Counter, Geiger 1914
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Spark Chamber, 1960ies
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Nuclear Emulsion, M. Blau, 1930ies
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Nuclear Emulsion, M. Blau, 1930ies
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Bubble Chamber, D. Glaser 1952
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Spark Chamber, 1960ies
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MWPC
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Drift Chambers, TPCs, …
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How do gaseous detectors work?
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Gas choice
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Gas choice
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Polyatomic gases
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Simulation example (from R. Veenhof)
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Ionization
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Ionization
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Ionization
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Ionization
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Ionization
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Ionization
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Ionization
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Ionization
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De-exitation
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Photo-absorption in Ar
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Ionization summary
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Mean distance between Ar atoms
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Electron Cross-section
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Electron mean free path in Ar
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Electron drift velocity

The measured values are much smaller
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Electron drift velocity
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Inelastic cross-section
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Electron transport simulation
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Electron transport simulation
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Electron Cross-section



39

Townsend coefficient
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Gaseous detectors regimes
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Induction signals
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Induction signals
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Induction signals
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Induced charges
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Induced charges
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Induced charges
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Induced charges
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The signal is not from “collected” charges
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MWPCs
Extraordinary success and 
ubiquitous use of MWPCs:
in many discoveries they 
played an essential role
I think every experimental physicist
working with gaseous detector 
should try to build and operate a 
small MWPC in his lab
if you search for the word “catastrophic” in the 2016 Review of Particle Physics, you will find it 
only ones, for the effects of electrostatic forces on MWPC wires non countered by a sufficiently 
large mechanical tension:

Even the best wires (Au coated, 
Rhenium/Tungsten) with a diameter of 
5 µm cannot hold the tension needed 
to operate a 10 cm long MWPC.
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GASEOUS DETECTORS

ATLAS, µ spectrometer

Still today the only way to equip large volumes at a
reasonable cost, with good space resolution and 
limited material budget

was the only approach to 
achieve good space 
resolution before 
introducing the Si trackers

Time resolution record in 
extended counters
RPC: σt ≤1 ns
trigger in ALICE, ATLAS, CMS
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After MWPCsAdvantages of gas detectors:
• low radiation length
• large areas at low price
• flexible geometry
• space and energy resolution

The MWPC limits in:
- rate capability (space charge  E 

distortion)
- space resolution (cell size limitation)
- time resolution (signal from ion drift)
- aging 

have been overcome by a change in technology 
since the anode is no more self supporting: 
strip on insulating substrate, …

Amplifying cell
size reduction by
factor of 10



MicroStrip Gas Chamber

A. Oed, Nucl. Instr. and Meth. A263 (1988) 351.

Semiconductor industry 
technology:

Photolithography
Etching
Coating
Doping

Typical distance between
wires  limited to 1 mm

Typical distance
between anodes  200 µm
thanks to semiconductor
etching technology

MWPC MSGC

In the early days:
high E-values at the edge between 
insulator and strips  damages
Charge accumulation at the insulator 
 gain evolution vs time

Later (~ 1999-2000): 
Passivation of the 
cathode edges
 MSGC operational 



Telescope of 32 MSGCs tested at PSI in 
Nov99 (CMS Milestone)

HERA-B Inner Tracker
MSGC-GEM detectors
Rmin ~ 6 cm 
⇒ 106 particles/cm2•sec
300 µm pitch
184 chambers: max 25x25 cm2

~ 10 m2; 140.000 channels The D20 diffractometer MSGC 
is working since Sept 2000
1D localisation
48 MSGC plates (8 cm x 15 cm)
Substrate: Schott S8900
Angular coverage : 160° x 5,8°
Position resolution : 2.57 mm ( 0,1°)
5 cm gap; 1.2 bar CF4 + 2.8 bars 3He
Efficiency 60% @ 0.8 Å

ILL Grenoble (partnership with India)

DIRAC
4 planes MSGC-GEM
Planes 10x10 cm2

MSGC – MicroStrip Gas Chamber
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Limitations of Gas Detectors

Avalanche region →  plasma formation 
(complicated plasma chemistry)

• Dissociation of detector gas and pollutants
• Highly active radicals formation
• Polymerization (organic quenchers)
• Insulating deposits on anodes and cathodes

Classical ageing

Anode: increase of the wire
diameter, reduced and variable
field, variable gain and energy
resolution.

Cathode: formation of strong
dipoles, field emmision and
microdischarges (Malter effect). 
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In UseNONOTRABOND 2115ATLAS/TRT

In UseNONOARALDITE AW103
(Hardener HY 991)

CERN/GDD
ATLAS/TRT

In UseNONOECCOBOND 285HERA-B/ITR

CERN/GDD

HERA-B/OTR

CERN/GDD

Source

Out of
production

In Use

Long
curing time

Note

NONOHEXCEL EPO 93L

NONOSTYCAST 1266
(A+Catalyst 9)

NO

Effect in
G.D.

NOSTYCAST 1266
(A+B)

OutgasProduct

BADYES
ARALDITE AW 106

(Hardener HV 935 U)
CERN/GDD
ATLAS/TRT

BAD-YESEPOTEK E905CERN/GDD
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(UV)CERN/GDD

BAD-YES
TECHNICOLL 8862
+ (Hardener 8263)

CERN/GDD

BAD-YESNORLAND NEA 155CERN/GDD

CERN/GDD

CERN/GDD

CERN/GDD

Source

BAD

BAD
BAD

Result

YESYESDURALCO 4525

-

YES

Effect
in

G.D.

YESHEXCEL A40

YESDURALCO 4461

OutgasProduct

Low Outgassing room-T epoxies

Outgassing room-T epoxies

Creation of database of "radiation-hard" materials & 
detectors depending on application, commercially available materials

Solutions: carefull material selection for the detector construction and gas system,
detector type (GEM is resitant to classical ageing), working point,
non-polymerizing gases, additives supressing polymerization (alkohols, methylal),
additives increasing surface conductivity (H2O vapour), clening additives (CF4).

Limitations of Gas Detectors
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Gas Detectors in LHC Experiments

ALICE: TPC (tracker), TRD (transition rad.), TOF (MRPC), HMPID (RICH-pad chamber), 
Muon tracking (pad chamber), Muon trigger (RPC)

ATLAS: TRD (straw tubes), MDT (muon drift tubes), Muon trigger (RPC, thin gap chambers)

CMS: Muon detector (drift tubes, CSC),  RPC (muon trigger)

LHCb: Tracker (straw tubes), Muon detector (MWPC, GEM)

TOTEM: Tracker & trigger (CSC , GEM)
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MICRO-GAP CHAMBER MICRO-GROOVE CHAMBER

MICRO-WIRE CHAMBER COMPTEUR A TROUS MICRO-PIXEL CHAMBER

MICRO-PIN ARRAY

Several different detectors have been developed
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MICRO MEsh GAseous Structure (MICROMEGAS)
Thin gap Parallel Plate Chamber: micromesh stretched over readout 
electrode. 

Y. Giomataris et al., Nucl. Instr. and Meth. A376(1996)29 

GAS ELECTRON MULTIPLIER (GEM)
Thin, metal-coated polymer foil with high density of holes, each 
hole acting as an individual proportional counter.

F. Sauli, Nucl. Instrum. Methods A386(1997)531

Two very solid, fully established technologies:

HIGHER LUMINOSITIES, HIGHER PRECISION EXPERIMENTS

1. MPGDs allow for
• High rates  (granularity & occupancy, signal formation time)
• Fine space resolution 

2. Technological maturity and accurate engineering FUNDAMENTAL for 
successful MPGDs
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Two very solid, fully established technologies:

slide by W. Riegler, CERN Academic Training,  April 2008 Operational 12 years ago 



GEM
Thin metal-coated polymer foil pierced by a high density of holes (50-100/mm2)
Typical geometry: 5 µm Cu on 50 µm Kapton,  70 µm holes at 140 µm pitch

70 µm

140 µm

Electrons

Ions

60 %

40 %

70 µm
55 µm

5 µm

50 µm



50 µm Kapton
5 µm Cu both sides

Photoresist coating, masking 
and exposure
to UV light

Metal etching

Kapton etching

Second masking

Metal etching 
and cleaning

Rui De Oliveira
CERN-EST-DEM

GEM  Manufacturing GEM foils are produced at
CERN using proprietary process.

J. Benlloch et al, IEEE NS-45(1998)234



GEM – Gas Electron Multiplier 

A. Bressan et al, Nucl. Instr. and Meth. A425(1999)254

Full decoupling of the charge amplification
structure from the charge collection and
readout structure.
Both structures can be optimized
independently !

Compass Totem

Most of the detectors use three GEM foils in cascade for amplification
to reduce discharge probability by reducing field strength.

Cartesian
Compass, LHCb

Small angle

Hexaboard, pads
MICE

Mixed
Totem
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Multi-GEM Detectors are operated in discharge free mode

Discharge Probability on Exposure to 5 MeV Alphas
Multiple structures provide equal gain at lower voltage.

S. Bachmann et al Nucl. Instr. and Meth. A479(2002)294
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Efficiency for charged particles with 3 mm gap

Space resolution ~ 40 µm rms
Cluster size ~ 500 µm FWHM

A. Bressan et al, Nucl. Instr. And Meth. A425(1999)262 Rate capability > 106 Hz mm-2

GAIN ~ 104

Ar-CO2 70-30

1 mC~2.1010 min.ion. particles

J. Benlloch et al, IEEE NS-45(1998)234

3.106 particles/mm2

GEM performance
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4.5 ns





Ion feedback
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GEMs operaed in Experiments
 Space resolution

 COMPASS small area trackers, ~70 µm (P. Abbon et al., NIMA 577 (2007) 455.)

 Time resolution
 COMPASS small area trackers, ~12 ns (P. Abbon et al., NIMA 577 (2007) 455.)

 LHCb, 4.5 ns - dedicated effort (M. Alfonsi NIMA 535 (2004) 319)

 Gain
 At COMPASS: G ~ 8000 (B. Ketzer, private comm.)

 At LHCb:  G ~ 4000 (M.Alfonsi NIMA 581 (2007) 283)

 At TOTEM: G ~ 8000 (G. Catanesi, private comm.)

 Phenix HBD: G ~ 4000 (W. Anderson et al., NIMA 646 (2011) 35)

 Material budget
 COMPASS small area trackers: 0.4 % X0 (P. Abbon et al., NIMA 577 (2007) 455.)

 COMPASS pixelated GEMs: 0.2 % X0 (A. Austregesilo et al., NP B PS 197 (2009) 113

MPGD2013, Zaragoza 1-4/7/13 MPGD developments Silvia DALLA TORRE
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GEMs, spacers & stretching

TOTEM

60 cm

B. Ketzeret al, NIMA  A535 (2004) 314

COMPASS KLOE2: Triple cylindrical GEM
assembly completed 14/3/2013

LHCb

CMS upgrade: 
mechanical
stretching 
for mass 
production

GEM detectors w/ spacers Emphasis on GEM foils stretching

no spacers

no spacers
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HV divider and readout boards

Soldering ZIF connectors

• Cleaning and testing  after components mounting is very important !
• HV components
• HV values – working point
• Coated Kapton soldering
• Conformal coating

Cartesian 
Compass, LHCb

Small angle

Hexaboard, pads
MICE

Mixed
Totem

• Bonding is difficult
• Input capacitance
• Cross talk

Bonding

Soldering



73

Tools and infrastructure



74

Tools and infrastructure
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 GEM studies for LHCb

HIGH RATE applications

Pixelised GEMs (COMPASS)

stable operation in particle 
flux up to 1.2·105/s/mm2

extremely thin: 0.2% X0
spatial resolution:  90 μm

A. Austregesilo et al.,
NP B PS 197 (2009) 113 Pad readout plane

20x24 cm2 GEM modules
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Second Polyimide etching

Chemical Polyimide 
etching

Copper electro etching

Stripping

Result

Single mask GEM technology: KLOE2 - Cylindrical Triple GEM
G. Bencivenni

GEM development: large foils 
Standard double mask technology 
Limited to 40cm x 40cm due to
Mask  precision and alignment

CBM @ GSI
CMD3 @ BES
……..

60 cm
TOTEM

KLOE2
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projects for the future

H calorimetry(GEM)
(ATLAS, ILC)

JLab Hall A 
GEM 40 x 50 cm2

ILC TPC

STAR - Forward GEM 
Tracker

CBM: GEMs 
for tracking

CMD3 @ BESGEM ILC TPC, 
T. Matsuda 

GEM ILC HCAL, 
A. White
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Rate capability : 104/mm2 

Space/Time resolution:  ~ 100 µm / ~ 4-5 ns
Efficiency > 98% ; Excellent Long Term Operation 
Gas Mixture: Argon CO2  (non flammable mixture)
Large areas ~ 1m x 2m with industrial processes

A. Sharma

Two very large approved projects:
ALICE – TPC r-O, upgrade 

Goal:  ~.9 x 1.2 m2

ALICE UPGRADE:
130 m2 of GEM foils

CMS UPGRADE:
1000 m2 of GEM foils, tracking & trigger

https://indico.cern.ch/conferenceDisplay.py?confId=103455


Micromegas – Micromesh Gaseous Structure

Micromesh mounted above readout
structure (typically strips).
E field similar to parallel plate detector.
Ea/Ei ~ 50 to secure electron transparency
and positive ion flow back  suppression.

100 µm

Ei

Ea

Y.Giomataris et al, NIM A 376 (1996) 29

Ioannis Giomataris
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D.Thers et al NIM A 469 (2001) 133

energy resolution ~ 10%

55 Fe
Ar + 10% C4H10

High voltage [V]
350 450400 500 550 600 650

103

102
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105105
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ageing:Ar-iC4H10  94-6%  up to 24.3mC/mm2

10 years LHC

1
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High Voltage [V]

Micromegas – Micromesh Gaseous Structure
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1000          10000            20000              30000           time[min]



420 V operating  point
~3-4.103 Gain

σ = 9 
ns

σ =70 µm

Large efficiency plateau > 40 V Spatial resolution < 70 µm

Time resolution : 9 ns
D.Thers et al NIM A 469 (2001) 133

Micromegas – Micromesh Gaseous Structure
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T2K TPC, J. Beucher
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24 bulk-Micromegas + FEE + mechanicals
3 m2 of bulk Micromegas

41472 FEE channels

Reconstructed cosmics
by a readout plane

(beam tests @ TRIUMF on-going

Micromegas – Micromesh Gaseous Structure









Technology Development Highlights
Resistive MicroMegas 

PCB

Lamination

Mesh deposit

Lamination

Development

Bulk MicroMegas Process Standard Bulk MicroMegas suffers 
from limited efficiency at high rates 
due to discharges induced dead time

89

ATLAS small wheels 
upgrade project

resistive MicroMegas 
prototype

89



Simulations:



Simulations:



Simulations:



Cross-talk in GEM signals



Ballistic deficit in Micromegas signals
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Detection of photons
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Photoionization
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Soft X-rays
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55Fe X-ray
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X-ray polarimeter
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X-ray polarimeter
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UV photons
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X-ray polarimeter



µ-PIC：micro pixel gas chamber
Large area with PCB tech.
pitch :400μm
high gas gain
small discharge damage

4%

150001700(with 
capillary)

Maximum
gain

~35%uniformity（σ）

400μm
(300μm 
possible)

200μmPitch

30×30cm210×10cm2Area
>30 daysLong time 
70001000Stable Gain  

µ-PICMSGC

 Invented by A.Ochi and T.Tanimori
( NIMA 471 (2001) 264)

 Application: X-ray imaging, Gamma
camera, Medical RI tracing, 
etc.



 Why this shape?
◦ μ-PIC shape is 

cross section of 
proportional 
counter.

◦ The electric field is 
decreased along 
radial direction 
from anode.
 The streamer from 

anode will be self-
quenched

 Proberbility of 
electron emission 
is smaller

|E|

position

|E|

position

+
+- - -



 Direct collection of charge
 Equal signal from anode and cathode

 Upward electric field
 No charge-up

anode

cathode

equal
pulse 
height

anode 
(+)

cathode (-)

2014/10/21 105



 Micro pixel chamber (µ-
PIC)

+
 With micro mesh
◦ Higher gain in stable 

operation (~5x104)
◦ Low ion backflow (<1%)

400µm

100µm
70µm230µm

165µm

Anode
Cathode

Support wire

Micro Mesh

1cm
Drift/detection area
(Filled by gas)

Drift plane
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 Detector design
◦ All cathodes are made from 

carbon-polyimide
◦ Pickup electrodes are lied 

under cathodes and 
insulator

◦ We have two dimensional 
signals

Cathode (pickup)

Anode

300mV

Va = 660V, Gain ~ 20000

• Cathode signal on oscilloscope is inverted
• Two dimensional signal is induced
on opposite sign. 
• Not charge shareing.

Drift plane

Anode

Resistive cathode (-HV)

Pickup electrode

Thin
substrate

400 μm

Thick substrate 50 μm
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Proposal for a fast neutron detector for fan-beam 
tomography

study phenomena opaque to X-
rays

2012 JINST 7 C02056

2.5 MeV neutrons;  8% 
efficiency; 1 mm  resolution



F. Tessarotto, INFN-TSEcole d’Eté du GDR Nucléon, Orsay 10909/07/2009

An event in the Big European Bubble Chamber   

Complete reconstruction of an event from BEBC picture, 
neutrino beam, WA21 Experiment, CERN, 1978.

ν p  D* p μ-

1965
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Tracking and Calorimetry   

Good identification of photons, electrons and muons:
photons and electrons produce electromagnetic showers.
muons travel through the entire detector



F. Tessarotto, INFN-TSEcole d’Eté du GDR Nucléon, Orsay 11109/07/2009

The lateral spread of the shower is mainly 
governed by the multiple scattering of the 
electrons.
95 % of the shower is contained inside a 
cone of size 2RM (Moliere radius)

good position resolution  allows
good π° identification

Various complex processes involved:
hadronic and electromagnetic components

Hadronic shower

charged pions, protons, kaons ….
breaking up of nuclei,
neutrons, neutrinos, soft γ’s
muons ….  → invisible energy

neutral pions → 2γ →

electromagnetic cascade

( ) 6.4)(lnn 0 −≈ GeVEπ

Large energy fluctuations → limited energy resolution

Showers Properties 

hadronic showers are much longer and 
broader than electromagnetic ones 

Electron showers

useful for neutron (antinutron) identification



F. Tessarotto, INFN-TSEcole d’Eté du GDR Nucléon, Orsay 11209/07/2009

hadronic calorimeters do not identify charged hadrons 

for 16 Gev/c charged hadron, σ(E) ≈ 2.7 GeV, while E(K) – E(π) ≈ 7 MeV

2 orders of magnitude missing

hadronic showers from π, K, p all look alike
calorimeter energy resolution is not 
enough to allow measuring mass from m2=E2-p2
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The alternative: to measure the particle velocity 
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0,1 1 10 100 1000

Particle Identification Techniques

p (GeV/c)

π-K identification ranges
TR+dE/dx

Cherenkov

dE/dx

TOF
150 ps
FWHM

electron identification

The applicable methods depend strongly on the  
particle momentum (velocity) domain of interest

PID techniques are based on the measurement of charged particle velocity
via velocity dependence of their interaction with matter: (ionization and excitation)
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The main properties of Cherenkov emission

are directly derived from the fundamental equation:

1) no emission for β < 1/n
2) the emission angle depends on β
3) chromaticity:  n(λ1) ≠ n(λ2) → θ1 ≠ θ2

1) particle velocity threshold for Cerenkov emission

2) a measurement of the Cherenkov angle corresponds to a measurement of β

3) the measurement resolution is intrinsically limited by chromaticity 
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Sezione di Trieste

Threshold and saturation
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using an angle to measure velocity

c/v = cosθ
from the photo:
angle: 52o;   v = c/cosθ = 340 m/s / cos52o = 552 m/s

Determine the velocity of this bullet:
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Ring Imaging
CHerenkov
counters

Cherenkov Light Imaging

How many detected photoelectrons?

c
2

0c
2

pe θsinNLdEθsinεL370N == ∫
n Npe/cm

Solid SiO2 1.47 27
Liquid H2O 1.34 22
Gas C5F12 1.0017 0.17
Gas He 0.00004 0.004
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Historical steps
• 1888 - O. Heaviside : a superluminal charged particle in vacuum (!) emits an e.m. radiation

• 1919 - M. Curie: faint blue light from concentrated solutions of radium in water
• 1934 - P. A. Cherenkov: exhaustive series of experiments on visible light emitted by

Compton electrons produced by bombarding pure liquids with γ rays
• 1937 - I. M. Frank and I. J. Tamm: classical theory of Cherenkov radiation
• 1940 - V. L. Ginzburg: quantum theory of Cherenkov radiation
• 1951 - J. V. Jelley: first Cherenkov detector finalized to PID in a  physics experiment
• 1955 - E. Segre’, O. Chamberlain, C. Wiegand and T. Ypsilantis: discovery of the antiproton
• 1958 - P. A. Cherenkov, I. M. Frank and I. J. Tamm: Nobel prize for Physics
• 1960 - A. Roberts: first conception of Ring Imaging CHerenkov technique
• 1977 - J. Seguinot and T. Ypsilantis: “imaging” of  Cherenkov patterns  in a gas detector
• 1981 - First use of a RICH for high energy PID: E605 Experiment at FNAL
• 1982 - Proposal for large RICH systems: Ω and DELPHI at CERN; 1984: SLD CRID at SLAC
from 1993 Workshops on RICH detectors (Bari, Uppsala, Ein Gedi, Pylos, Playa del Carmen, Trieste)
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Super-Kamiokande: 50 000 ton water ∼11000  PMTs, 50cm ∅

Large Surface Sensitive to Single Photons

Photon Detectors used for RICHs belong to three categories:
Vacuum based PDs, Si PDs, Gaseous PDs
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